This paper reviews our studies in which we have used mutant mice to investigate the roles of myosin VIIa and kinesin II in the transport of proteins to the photoreceptor outer segment. These studies suggest that both motors participate in moving opsin along the connecting cilium. Given the velocities measured for these motors in vitro, it is predicted that the resulting concentration of opsin in the plasma membrane of the connecting cilium is surprisingly low. Ó
Turnover of outer segment proteins
A photoreceptor cell is the epitome of a specialized cell. It is extremely polarized and compartmentalized. Phototransduction occurs in a distinct compartment at the distal end of the cell--the outer segment in vertebrates and the rhabdomere in arthropods and molluscs. Many cells have short lives. That is, the cells themselves are renewed. But in a terminally differentiated cell, such as a photoreceptor cell, the components of the cell must be turned over to prevent the build up of spontaneous macromolecular changes that might interfere with function. Like other neurons, photoreceptor cells must transport newly synthesized proteins required for synaptic transmission from their site of synthesis near the cell body along the axon. Similarly, proteins required in the distal end of the cell must be transported in the opposite direction. The latter is especially demanding in photoreceptor cells because the phototransductive compartment is highly amplified. The turnover of phototransductive proteins places a huge demand on protein synthesis and transport (Young, 1967) . Moreover, as these proteins are completely excluded from the rest of the cell, there is a particularly acute diffusion gradient that must be overcome.
The steps involved in the turnover of the major outer segment protein, opsin, in a vertebrate photoreceptor cell are illustrated in Fig. 1 . Opsin is synthesized in the proximal region of the inner segment, and then transported in the membrane of vesicles to the distal inner segment, at the base of the connecting cilium (Deretic & Papermaster, 1991; Papermaster, Schneider, & Besharse, 1985) . From there, it is transported through the connecting cilium (Young, 1968) , although whether or not the cell uses only this route has been a contentious issue (Besharse & Horst, 1990; Liu, Udovichenko, Brown, Steel, & Williams, 1999; Wolfrum & Schmitt, 2000) ; see below. Based on detailed electron microscopic studies, the formation of disk membranes, containing newly synthesized opsin, was proposed to occur by a two-step growth process involving outgrowths of the plasma membrane of the distal cilium, followed by formation of the disk rim (Steinberg, Fisher, & Anderson, 1980) . Later research has provided additional evidence for initial membrane growth by evagination (Williams, Linberg, Vaughan, Fariss, & Fisher, 1988) , as well as subsequent membrane addition during rim formation (Arikawa, Molday, Molday, & Williams, 1992) . Balancing the addition of new disk membranes at the base of the outer segment, disks at the distal end of the photoreceptor outer segment are shed in a process that results in internalization and degradation by the retinal pigment epithelium (RPE) (Young & Bok, 1969) . This process is controlled by a daily rhythm (LaVail, 1976 , Vision Research 42 (2002 [455] [456] [457] [458] [459] [460] [461] [462] www.elsevier.com/locate/visres 1980) and requires intimate contact between the RPE and outer segments, even for the release of the disks from the outer segment (Williams & Fisher, 1987) . From calculations based on data from various papers (Corless, Cobbs, Costello, & Robertson, 1976; Curcio, Sloan, Kalina, & Hendrickson, 1990; Guerin, Lewis, Fisher, & Anderson, 1993) , it follows that 9-10 billion opsin molecules are synthesized and transported every second in each human retina.
Molecular motors
Motor proteins convert energy from ATP into molecular motion that results in movement along actin filaments or microtubules. The first motor proteins to be discovered were conventional myosin and axonemal dynein. The 1970s brought the first indication that motor proteins might be important for transport within cells that do not themselves move about or do not have motile appendages. In 1973, the first unconventional myosin, a minimyosin from the ameba, Acanthameba was discovered (Pollard & Korn, 1973) . This myosin was monomeric, in contrast to conventional myosin, and was thus termed myosin I. In the mid-1980s, a second microtubule motor protein, kinesin, was identified in the squid giant axon (Vale, Reese, & Sheetz, 1985) and brain (Brady, 1985) .
The ensuing 15 years brought the discovery of dyneins outside of the axoneme (i.e. cytoplasmic dyneins) (Paschal & Vallee, 1987) , and the realization that kinesins and unconventional myosins each make up a large family of motor proteins (Cheney, Riley, & Mooseker, 1993; Hirokawa, 1998; Hodge & Cope, 2000; Kim & Endow, 2000) . The kinesins and myosins show great diversity among their motor subunits (i.e. the subunits responsible for the force production). Each such kinesin and myosin subunit possesses a motor domain, which contains the ATP-binding site and the microtubule-or actin-binding site. But appended to this domain are a variety of heads, necks, and tails, which determine a variety of specific characteristics such as dimerization, cargo binding, and regulation of motor activity. Even the direction of motor movement along the microtubule or actin filament varies. Most kinesins travel towards to the plus (or growing) end of microtubules, but some, such as ncd, move towards the minus end (McDonald, Stewart, & Goldstein, 1990) . Similarly, most myosins are plus-end directed, although myosin VI has been demonstrated recently to be an exception (Wells et al., 1999) .
Thus, molecular motor proteins play critical roles in establishing and maintaining spatial organization within cells. Together with scaffolding proteins, they are responsible for correctly localizing signal transduction molecules, and are thus key players in establishing a cell's signaling network. In photoreceptor cells, some of the motor proteins that function in the transport of phototransductive proteins have now been identified. Not surprisingly, they have been found to be essential for photoreceptor viability, and are therefore linked to cases of inherited blindness. A light chain of dynein, Tctex-1, has been shown to bind normal opsin, but not opsin with C-terminal mutations responsible for retinitis pigmentosa (Tai, Chuang, Bode, Wolfrum, & Sung, 1999) . Dynein has been shown to move opsin vesicles along microtubules in vitro, and has been proposed as a motor that transports opsin to the distal inner segment (Tai et al., 1999) . The present paper reviews our studies on the roles of two other motors, a myosin, myosin VIIa, and a kinesin, kinesin II, in transport to the outer segment and in photoreceptor cell viability.
Our approach has been to start by analyzing mutant mouse models. The limitation of studying phenotypes in mutant animals is that molecular mechanisms can only be inferred from them. Determining molecular interactions and therefore the specific functions of the molecular motors requires subsequent in vitro experiments. However, the importance of starting with this approach is that it provides a physiologically relevant framework. From mutant phenotypic analysis, relevant hypotheses can be developed for in vitro testing. 
Mice with mutant myosin VIIa
Two heavy chains of myosin VIIa are thought to bind by their coiled-coil domain, resulting in a two-headed structure with a long tail (Chen et al., 1996; Hasson, Heintzelman, Santos-Sacchi, Corey, & Mooseker, 1995; Levy et al., 1997; Weil et al., 1996 Weil et al., , 1997 (Fig. 2) . Each heavy chain has five IQ motifs which should act as binding sites for calmodulin or other light chain proteins (Hasson et al., 1995) . In the retina, myosin VIIa is located in the apical processes of the RPE and in the connecting cilium of the photoreceptor cells (Hasson et al., 1995; Liu, Vansant, Udovichenko, Wolfrum, & Williams, et al., 1997) . Mutations in the myosin VIIa gene are the cause of Usher syndrome 1B, a severe deafness-blindness disorder (Weil et al., 1995) . In some cases, however, mutations have been linked to only deafness Weil et al., 1997) , and, in one case, to Usher syndrome 3 (Liu, Hope, et al., 1998) , a less severe, but progressive deafness-blindness disorder. Shaker1 mice also possess mutations in the myosin VIIa gene ; seven different alleles have been described (Mburu et al., 1997) . All seven appear to suffer from only deafness and vestibular dysfunction, without apparent photoreceptor degeneration (Hasson et al., 1997; Liu et al., 1999 ). An additional three alleles, 7J, 8J, and 9J, have been identified at Jackson Laboratories, although the nature of the underlying mutations in these three alleles has yet to be characterized. We have examined the 7J, 8J, and 9J mice for retinal degeneration. None shows retinal degeneration as a result of the mutant myosin VIIa gene. While it is puzzling--and unfortunate from the point-of-view of testing potential therapies--that shaker1 mice do not undergo retinal degeneration, these mice provide a very useful system for studying the cell biology of myosin VIIa function in the retina. One advantage is that there is no possibility that observable phenotypes are a secondary effect of the initial stages of cell death.
The most obvious retinal phenotype, and the only one we have detected at the level of light microscopy, is an abnormal location of pigment granules in the RPE of pigmented lines of shaker1 mice. Instead of aligning themselves in the apical processes of the RPE, the pigment granules are retained in the cell body region (Liu, Ondek, & Williams, 1998) . A myosin V participates in the transport or at least the tethering of pigment granules in the dendrites of melanocytes (Wu, Bowers, Rao, Wei, & Hammer, 1998 ). It appears that myosin VIIa may function similarly in the RPE. Most of the myosin VIIa in the retina is present in the apical RPE (Hasson et al., 1995) . Of course, the misplacement of RPE pigment granules could be an indirect consequence of some general disorganization of the cytoskeleton in the apical RPE, as a result of mutant or absent myosin VIIa. However, we have noted that the actin cytoskeleton appears normal by fluorescent phalloidin staining of shaker1 retinas.
In addition to the apical RPE, myosin VIIa is present in the connecting cilium of the photoreceptor cells . By electron microscopy, the connecting cilia of shaker1 photoreceptor cells appear normal (Liu et al., 1999) . However, when the distribution of opsin was examined by immunogold electron microscopy, it was evident that there was an abnormal accumulation of opsin in the connecting cilium (Liu et al., 1999) (Fig. 3) . In response to mutant or absent myosin VIIa, opsin appears to be transported along the connecting cilium at a slower rate. Consistent with this suggestion, the overall turnover rate of outer segment disk membranes is slightly retarded (by 15%) in shaker1 photoreceptor cells (Liu et al., 1999) . Given the putative motor properties of myosin VIIa, which have now been confirmed by in vitro biochemical analyses (Udovichenko, Gibbs, & Williams, submitted) , one possibility indicated by these results is that myosin VIIa participates in moving opsin along the connecting cilium. This function is likely to be more critical to the viability of the photoreceptor cell than the correct positioning of the pigment granules in the RPE, so that defects in this function might underlie the retinal degeneration found in Usher 1B patients.
Recently, studies on Dictyostelium have indicated a role for myosin VII in adhesion during phagocytosis (Tuxworth et al., 2001) . Because of the presence of myosin VIIa in the apical RPE (which is responsible for the phagocytosis of outer segment disks--see above), it is plausible that myosin VIIa could play a similar phagocytic role in the retina. Indeed, it seems that the 15% retardation of disk migration along the outer segment could result from either a decrease in the addition of new opsin-containing membrane or an inhibition of disk membrane phagocytosis. At present, it is not Fig. 2 . Diagrams of myosin VIIa and kinesin II. Myosin VIIa is a homodimer. Kinesin II is a heterotrimer, in which KIF3a is an obligatory motor subunit. known whether there is a subtle defect in phagocytosis by shaker1 RPE. It is known, however, that the shaker1 RPE does contain phagosomes of normal shape and size at the time of peak shedding , indicating that phagocytosis is not grossly perturbed, as it is in myosin VII-null Dictyostelium (Tuxworth et al., 2001 ).
Conditional knockout of the KIF3a gene in mouse photoreceptor cells
Kinesin II is a heterotrimer, consisting of two motor subunits and an accessory protein, KAP3. In mammals, KIF3a appears to be an obligatory motor subunit. KIF3b or KIF3c have been found to associate with KIF3a as the other motor subunit (Kondo et al., 1994; Yamazaki, Nakata, Okada, & Hirokawa, 1995; Yang & Goldstein, 1998) . The non-motor subunit is referred to as kinesin-associated polypeptide, or KAP3 (Scholey, 1996) , and is thought to play a role in cargo binding. Several forms of KAP3 have been described (Yamazaki, Nakata, Okada, & Hirokawa, 1996) . Kinesin II is present in many tissues and motor subunits of kinesin II have been immunolocalized in vertebrate photoreceptor cells. KIF3a has been immunodetected in the synapse, inner segment, and the connecting cilium (Beech et al., 1996; Muresan, Bendala-Tufanisco, Hollander, & Besharse, 1997; Muresan, Lyass, & Schnapp, 1999; Whitehead et al., 1999) . KIF3b has also been detected in the inner segment and connecting cilium of Xenopus photoreceptors (Whitehead et al., 1999) . In sections, it is evident that most of the retinal KIF3a immunolabeling is in the photoreceptor cells (Muresan et al., 1997; Whitehead et al.) .
Systemic knockout of the KIF3a or KIF3b gene results in death in utero (Marszalek, Ruiz-Lozano, Roberts, Chien, & Goldstein, 1999; Nonaka et al., 1998) . Hence, in order to study the role of kinesin II in photoreceptor cells, using mutant mice, we selectively knocked out the KIF3a gene in photoreceptor cells, using the Cre-loxP system (Marszalek et al., 2000) . The Cre recombinase was introduced using an IRBP-Cre transgene. This method resulted in the expression of Cre primarily in the photoreceptor cells, and thus the excision of the KIF3a gene was limited to the photoreceptor cells. Most of the excision occurred during the fourth postnatal week, although the number of cells in which excision was detected (by quantitative PCR) varied from animal to animal. Photoreceptor cell death followed rapidly, with the extent of the cell death in the retina dependent upon the number of cells in which the KIF3a gene had been excised.
The Cre-loxP system is clearly a powerful approach for analyzing the retinal function of genes that are also expressed in other tissues. The variation in the amount of the excision is a potential limitation for some studies, such as biochemical analyses. In these cases, instead of using an IRBP-Cre transgene, an alternative more robust mechanism for introducing Cre should be employed. Use of an opsin-Cre or a viral-Cre may offer an improved method. However, for microscopy, animals with low amounts of excision offer an advantage, for the presence of unaffected photoreceptor cells adjacent to mutant photoreceptor cells provide excellent controls.
In our study on KIF3a (Marszalek et al., 2000) , we found that the first detectable mutant phenotype was an abnormal accumulation of opsin within the inner segment (Fig. 3) . Opsin then appeared distributed throughout the cell, mainly in the plasma membrane. Interestingly, the initial mislocalization was quite specific for opsin. Membrane proteins that are transported to the synapse (SV2, synaptotagmin, VAMP, and SNAP-25) or even the outer segment (peripherin/rds) were localized normally in cells showing the early stages of opsin accumulation in the inner segment. The distribution of transducin was also unaffected, although some arrestin was colocalized with opsin in the inner segment. It is unclear whether this excess arrestin in the inner segment was due directly to disruption of the transport of this protein to the outer segment, or due to the binding of arrestin to the accumulated opsin. Kinesin II appears to be capable of transporting soluble proteins (Ray et al., 1999) . But, opsin has been shown to be phosphorylated in the inner segment of normal cells (Hicks & Barnstable, 1987) , and our preliminary studies indicate that most of the accumulated opsin is phosphorylated and therefore capable of binding arrestin. The altered distribution of opsin did not appear to be a secondary result of the perturbation or mislocalization of the endoplasmic reticulum (ER), Golgi apparatus, or mitochondria, as these organelles appeared normal by immunostaining with various marker antibodies.
Given that kinesin II is a motor protein (Yamazaki et al., 1995) , the simplest possibility suggested by these results is that kinesin II functions in the transport of opsin to the outer segment. Kinesin II has been shown previously to transport protein complexes along axonemes in Chlamydomonas and C. elegans, suggesting that the transport along the connecting cilium is the most likely role for kinesin II in photoreceptor cells. Nevertheless, the possibility of a role (perhaps an additional one) in inner segment transport cannot be eliminated by our study. Given the orientation of microtubules in photoreceptor cells (Troutt & Burnside, 1988) , an inner segment function of this plus-end directed motor that is consistent with our results could include transport between the ER and Golgi, as indicated for kinesin II in Xenopus fibroblasts (Le Bot, Antony, White, Karsenti, & Vernos, 1998), or the recycling of transport components from the distal inner segment.
Transport of opsin through the connecting cilium
The studies described above on photoreceptor cells with mutant or absent myosin VIIa or KIF3a suggest that both myosin VIIa and kinesin II might function in the transport of opsin along the connecting cilium. Whether these two motors could work in parallel or in relay is unknown. The connecting cilium is a narrow neck, only 0:3 lm in diameter, providing the only conduit between the inner and outer segment. Yet, in addition to its cytoskeletal elements numerous other proteins have been localized in this structure, and large amounts of outer segment proteins must pass through it (see above). Because of a concern about whether all these proteins, and opsin in particular, could fit into the connecting cilium, it has been suggested that proteins might travel to the outer segment by way of an extracellular route (Besharse & Horst, 1990; Besharse & Wetzel, 1995) (Fig. 4) . Our evidence that myosin VIIa and kinesin II function to transport opsin along the cilium suggests a solution. Kinesin II has been found to travel along microtubules at $0.3 lm/s in vitro at room temperature (Yamazaki et al., 1995) . Under similar conditions, myosin VIIa moves along actin filaments at $0.2 lm/s (Udovichenko et al., submitted) . Although the amount of opsin transported to the outer segment needs to be large in order to support the rate of disk membrane renewal, transport at these velocities along the cilium require a surprisingly low density of opsin in this structure.
In mouse photoreceptor cells, $87 disks, with a diameter of 1:5 lm, are renewed each day (Besharse & Hollyfield, 1979; Liu et al., 1999; Young, 1967) . The opsin density in the disk membranes is $20,000 molecules per lm 2 of disk membrane (Corless et al., 1976) , so that 72 opsin molecules are added to the outer segment every second. Even if we take the velocity of myosin VIIa at room temperature, 0:2 lm/s, which is undoubtedly a low estimate for in vivo transport, it follows that, if all these opsin molecules travel along the cilium, a 1 lm length of cilium would contain only 360 opsin molecules. This length of the cilium contains 1 lm 2 of plasma membrane, so that the density of opsin is less than 2% of that found in disk membranes (Corless et al., 1976) and should be easily accommodated. Such a low density also explains why opsin is so difficult to immunodetect in the cilium relative to the outer segment. The mouse connecting cilium is about 1.3 lm long, so that fewer than 500 opsin molecules would be present in the entire structure at any one time. Fig. 4 . Diagram of the connecting cilium region of a rod photoreceptor cell. It has been proposed that transport of opsin to the outer segment might include an extracellular route (Besharse & Horst, 1990; Besharse & Wetzel, 1995) . Here it is argued that transport of opsin along the cilium (arrow) by myosin VIIa and/or kinesin II would result in the movement of opsin at such a velocity that its concentration in the ciliary plasma membrane would be quite low, even though supporting a high renewal rate. Therefore, transport via the ciliary route would be sufficient to support the transport of opsin to the outer segment.
